GTP cyclohydrolase I (E.C. 3.5.4.16) is a homodecameric protein that catalyzes the conversion of GTP to 7,8-dihydroneopterin triphosphate (H 2 NTP), the initial step in the biosynthesis of pteridines. It was proposed that the enzyme complex could be composed of a dimer of two pentamers, or a pentamer of tightly associated dimers; then the active site of the enzyme was located at the interface of three monomers (Nar et al. 1995a, b) . Using mutant enzymes that were made by site-directed mutagenesis, we showed that a decamer of GTP cyclohydrolase I should be composed of a pentamer of five dimers, and that the active site is located between dimers, as analyzed by a series of size exclusion chromatography and the reconstitution experiment. We also show that the residues Lys 136, Arg139, and Glu152 are of particular importance for the oligomerization of the enzyme complex from five dimers to a decamer.
Introduction
GTP cyclohydrolase I (GTP CHase I) (E.C. 3.5.4.16) catalyzes the conversion of GTP to dihydroneopterin triphosphate (H 2 NTP), the first step in the biosynthesis of pteridine coenzymes, such as folic acid and tetrahydrobiopterin (Shiota et al., 1967; Yim and Brown, 1976; Nichol et al., 1985; Brown and Williamston, 1987; Cha et al., 1991; Ahn et al., 1995 Ahn et al., , 1997 ). The enzyme product, H 2 NTP, is generally accepted as the common intermediate for all naturally-occurring pteridines.
Yim and Brown purified E. coli GTP CHase I to apparent homogeneity using a GTP-coupled affinity gel (Yim and Brown, 1976) . They also found that the molecular mass of the active enzyme was 210 kDa, and the enzyme could dissociate into inactive subunits of 51 kDa at high-salt. When GTP was added to the enzyme mixture at the same-salt conditions, the dissociated subunits could reassociate to the active form (Yim and Brown, 1976) . These facts implied that the active site might be located at the interface of the subunits. In some enzymes, the active site is located at subunit interfaces, and catalysis often involves contributions from different subunits (Wente and Schachman, 1987; Tobias and Kahana, 1993; Frimpong and Rodwell, 1994; Ozturk et al., 1995; Wang et al., 1997; . A particularly well-explored case is that of E. coli aspartate transcarbamoylase, in which case the hybrid trimers that are formed by the reconstitution of wild-type and mutant subunits were 10 times more active than the mutant parental proteins (Maley et al., 1995 The x-ray crystal structure of E. coli GTP CHase I, where the active site is occupied by the substrate analog dGTP, helps to clarify the structure of the active site (Nar et al., 1995a) . In the decamer, 10 equivalent active sites are present. Each of these contain a 10-Å deep pocket that is formed by surface areas of 3 adjacent functional groups, each contributed by a different monomer. Functional group A (amino acids 110-113, 150-153, and 179-185) and group A' (amino acids 87-89 and 131-139) are located on one hypothetical pentamer, while group B (Arg65 and Lys68) is on the other. The active site loops within the A and A functional groups are structurally stabilized by extensive, short-range hydrogen bond interactions. They are mutually linked by a disulfide bridge (Cys110-Cys181), a salt bridge (Glu111-Arg153), and a hydrogen bond interaction (Gln151-His179). Several functional domains contribute to the binding of the substrate. First, the acceptor site for the pyrimidine portion was found at the bottom of the active site cavity. Second, Glu152 forms a salt bridge with a guanidine moiety. Third, a peptide bond between Val150 and Gln151 forms a hydrogen bond to the C4 oxo group of the purine. Fourth, a cluster of basic residuesHis113, Arg185, Lys136, Arg139, Arg65, and Lys68 -binds to the triphosphate group.
In this paper, we show biochemical evidence that a decamer of GTP CHase I is composed of the pentamer of five dimers, and the active site should be located between two subunits of a dimer and one subunit of another neighboring dimer. We also show the residues that are important for oligomerization of GTP CHase I from five dimers to a decamer.
Materials and Methods
Subcloning of E. coli GTP CHase I gene to pGEM-7Zf(+) plasmid Phagemid vector pGEM-7Zf(+) was chosen to produce single-stranded plasmid for mutagenesis. A BamHI-SacI fragment that contained the GTP CHase I structural gene and promoter region was ligated to BamHI-SacI cut pGEM-7Zf(+). This plasmid was designated as pZCH.
Site-directed mutagenesis Site-directed mutagenesis was performed using the Kunkel method, described by Yuckenberg et al. (Yuckenberg et al., 1991) . The pZCH phagemid was transformed to the E. coli RZ1032 (ung − ,dut − ) strain. A singlestranded uracil-containing pZCH was prepared by the method described by Promega (Madison, USA) and used as the template for site-directed mutagenesis. Oligonucleotides that were designed for the mutagenesis of specific amino acids were used to synthesize the second-strand DNA. Site-directed mutations of GTP CHase I clones were confirmed by DNA sequencing using a Sequenase R kit (U.S. Biochemicals). 
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Results
Activities of mutant GTP cyclohydrolase I X-ray crystallographic data showed that the active site of GTP cyclohydrolase I is located at the interface of three monomers (two from within one pentamer, A and A', one from the other pentamer, B), which is formed by the residues 110-113, 150-153 and 179-185 (from A), 87-89 and 131-139 (from A'), and Arg65 and Lys68 (from B) (17, 18) . To define the function of individual residues in the active site, we made a number of mutants by site-directed mutagenesis of a plasmid that directs the overexpression of GTP CHase I, then transformed them into E. coli cells for the production of proteins. The crude cell extracts of the mutant strains contained the same concentration of GTP CHase I as determined by the ELISA assay. The extracts were assayed for enzyme activity and the pH and temperature optima of mutant proteins.
All of the mutant proteins had activities lower than the wild type (Table 1 ). In particular, mutation in the residues 112, 135, 136, 152, or 179 prominently reduced the enzyme activities of proteins. In addition, mutation in the residues 110 or 181, which are involved in the complexation of zinc (Auerbach et al., 2000) , also caused a dramatic reduction in the enzyme activities. The results suggest that these residues are essential for catalytic function, which corresponds well with previous data (Nar et al., 1995b) .
The temperature and pH optima of some mutant enzymes differed from those of the wild-type enzyme (Table 1) . Maximum activity occurred at much higher temperatures in E111K, V150E, and C181S mutants. Also noteworthy is the S135C mutant, which had a pH optimum of about 7.0, exhibiting a sharp decrease of enzyme activity at pH 8.0 or above. Since the pK R of Cys is about 8.3, the decrease in activity seemed to be due to the transition from -SH to -S − of the Cystein R group. This result suggests that the hydroxyl group of Ser 135 might play a crucial role in GTP CHase I catalysis, as previously proposed (Nar et al., 1995b Reconstitution of mutant GTP cyclohydrolase I A series of size exclusion chromatography showed that wild type and some mutant proteins of GTP CHase I dissociated into catalytically inactive dimers of 50 kDa in the presence and/or absence of 0.3 M KCl. A dimer could be composed of either a pair of A and A monomers, or A and B monomers. To examine which monomers form a dimer in the native state, a reconstitution assay was performed as follows. We first incubated mutant enzymes in 0.3 M KCl to induce dissociation. Different combinations were then made by mixing any two mutant enzymes, and 0.1 mM GTP was added to the mixtures to induce reassociation. Finally, the enzyme activities of the mixtures were measured.
Among many mutant enzymes that were tested in this reconstitution assay, some combinations resulted in the restoration of activity. The mixtures of any two inactive mutants that carried each of the two mutations within the same active group (within A or A' functional groups, for example) exhibited no increase in enzyme activity, compared to the average of each parental mutant enzyme (Table 2a ). This result indicates that there was no complementation. Interestingly, when the mutants with a mutation in the site A Crude extracts were incubated with or without GTP at the concentrations indicated, then applied to a Superdex column that was previously equilibrated with 50 mM Tris-HCl in the presence or absence of GTP. The enzymes were detected by ELISA using an antibody against GTP CHase I. DD: high molecular weight aggregates, DE: decamer, DI: dimer. group (V150E, E152K, H179Q, and R185G) were mixed with other mutants (L134Q, S135C, K136E, and R139C), whose mutations were carried in the A' group, the mixtures showed good complementation (Table 2b) . The R65L mutant, located in the B site, also acquired a functionally active site when reconstituted with mutants of the A' group (Table 2c) . The hybrid between mutants in the A site and R65l of the B site resulted in no increase in activity (Table 2c ). This implies that the A and B monomers did not dissociate even in the presence of 0.3 M KCl. Conversely, no negative complementation was observed from reconstitution between the wild-type and any of the inactive mutants (data not shown). These reconstitution experiments provide compelling evidence that the A and B monomers are tightly associated, and the active site is shared by one dimer that is composed of tightly linked A+B monomers and another dimer containing A monomer.
Discussion
A series of gel filtration experiments was performed to examine how the wild-type and mutant enzymes could dissociate into subunits in the presence or absence of highsalt. The wild-type enzyme migrated as a catalytically active protein of 250 kDa, as expected. However, it migrated to the position of about 120 kDa in the presence of 0.3 M KCl. This did not correspond well with the previous data, in which the predominant molecular species of the wild-type enzyme in the high-salt condition (0.3 M KCl) was 50 kDa (Yim and Brown, 1976) . This discrepancy seems to be a result of the differences in the preincubation time, column used, running time, and other factors. We suspect that the proteins of 120 kDa were intermediate forms under a rapid equilibrium between decamers and dimers in the absence of GTP. In general, the protein dissociation/reassociation is influenced by protein concentration, ligands, pH, temperature, and ionic strength (Malinowski and Fridovich, 1979; Lewis and Youle, 1986; Attri et al., 1991) . A similar phenomenon was reported with E. coli adenylosuccinate synthetase, the first committed enzyme in the conversion of IMP to AMP in purine biosynthesis. No two distinct species of monomer and dimer were observed in the analytical ultracentrifugation. Suggestions were made that a rapid equilibrium exists between the monomers and dimers in the absence of ligand (Wang et al., 1997) .
Interestingly, the mutant proteins that completely or partly dissociated into dimers in the presence of 0.3 M KCl showed good complementation in the reconstitution experiment. The ratio of dimer to oligomer also seemed to be closely related to the level of complementation. R65L, L134Q, and S135C, which were present as partly dissociated dimers, exhibited a relatively low level of complementation, compared to the completely dissociated mutants (such as K136E, E152K, and H179Q). Because the pretreatment for the dissociation was performed in 0.3 M KCl, the mutants that are resistant to dissociation (C110G, E111K, H112D, and C181S) could not form the hybrid protein that exhibits the restored activity. Considering the fact that the dissociation is a prerequisite for the formation of an active hybrid enzyme, it is now clear that the active site of GTP CHase I is composed of different dimers.
7KH The crystal-packing arrangement that was obtained by electron microscopy and X-ray data showed that the GTP CHase I complex is a doughnut-shaped decamer that consists of a pentamer of tightly associated dimers. Our results showed that the GTP CHase I complex could dissociate into catalytically inactive dimers at high-salt. Also, the dimers consisted of pairs of the A and B monomers, which implies that the A-B dimer should be a unit for oligomerization of the enzyme. Our biochemical data (obtained by gel filtration and reconstitution experiments) also provide compelling evidence that the active site is located between the dimers. In addition, the amino acids, determined to be important in catalysis and oligomerization, support the crystallographic data proposed by Nar et al. (1995b) . Reconstitution assays were carried out as described in Table 2a . Reconstitution assays were carried out as described in Table 2a .
